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Watertown Arsenal Laboratory Memorandum 

Report N\mt>er 15^/12 

Problem Numtier H-6.2& 

THE TEMPERING' OE MARTENSITE 

Object 

To determine by means of x-ray diffraction technique 

the time-temperature relations for the initial 

tempering of martensite. 

Abstract 

The time-temperature relation for the loss of tetragonality of 

martensite was determined for a plain carbon steel (.95$ C.). The time 
and temperature are related through a heat of activation relation. This 

heat of activation is of the order of 3^.000 cal./gm. mol. These data 

indicate that appreciable tempering of tho first formed martensite can 

occur with moderate cooling rates upon quenching if the Mg temperature 

is significantly above room temperature. Graphs are presented for esti¬ 
mating the amount of tempering, in the steel studied, during any temper¬ 

ing treatment, as well as during quenching. 

Introduction 

In several earlier studies of quenched steel specimens, micro¬ 

structures were observed containing a constituent identified as either 

bainite or tempered martensite. There has been some controversy as to 
whether martensite can temper appreciably on cooling, during the quench, 

from the temperature at which it forms to room temperature. In order to 

determine whether appreciable tempering can take place under these condi¬ 

tions and so account for the observed microstructures, it was proposed to 

determine the effect of time and temperature upon the progress of the 

initial stage of tempering. This stage consists of precipitation of car¬ 
bide* from the martensite, and in steels containing more than about .25$ 

*As has been discussedS, there is still some question as to the 

exact form of the initial precipitate. 



carbon i8 associated with a decrease -in 
site lattice enture, as «easurld aj SSiíí' If ^ 

(with respect to the^afte™itfeffffu0fj'’,twf?',.Sta,JUlzIne of “"stenite 
tures of austenite with martensite ^ mir- 
of the martensite already formed "if tha ® a®®ociated with the tanpering 
temperature for the initial ï f °n betWe°n the time and 
for the stabilizing e^ct ^ f0Und to be the s«™ as 
established The time te ’ f d P088113111^'' °f a connection would be 

one of tt^o^i^r^sr^:1^^ frtrti1111^^tempcring L 
Ution for the stahiliting effect; „orle on'this H 

change of terdnesf°toS„^^c 0f/e”Perlrie ls associatod with little 

degree of tSpérif¿. sïnc T'f ïf MOd ae a arltar1“ “f «io 
room temperature accompanies the initial1C Í?SB °f tetra§onality at 
grass of the tenporln^coulii h» ffîî^ j ®tagG’ 11 appeared that the pro- 
ments of the tetfag™HtT ^ diffracti'>” "aasurel 

Materials and Procedure 

• a thick were cut from a bar of o -ni -i 
containing .95^ carbon and ^oa.plain Cart°n steel 
concave on one side in order to fitêfí a sPecimenB were ground 
Before heat treatment the speciins °f the ^ camera- 
nickel to reduce surfaoa d«« w ■0 . e Panted with a thin layer of 

specimens were austenitized for^O^inutes^t^OO^C tî'eatmeat- 
monphere and quenched in wnto-r tr, *. in a nitrogen at- 
slowly to remove the nickel Inver °Th emP°yatnre. They were then ground 
tically for 30 minutes iï a dUu^ Ml* °tchcd ed^troly- 
rent density. Extreme care was takeltÕ 2S°4 !olution at very low cur- 
inens during the removal of Z See T henting °f the sPec~ 
in liquid nitrogen. X-ray measurements*wPr« sPecimens wore then quenched 
termine the original axial ratio of tw +6^6 made °n a11 ePecilnenp to de- 
this measurement all specimens wer« f6 raartensite. Following 
pered. One specimen was used for each^eloíi^fiü ^î11 thejr were tern- 
non was tempered, for one Um» „,!f í ‘««Poring temperature. The speel- 

surements, and tien reSpfíd’fff f°r X- ray mea- 
accomplished in liquid ha'ths controUefîô^tÎiT^c C tmpeTlnS "as 

the intorplaner distfnff"fof't|U 7?m l‘e0ei'Bary t0 m°asure 
A Phragmen ,0. a Camera was u^ ^funtlt^ 

SfTS ”uia“^“e preTl,,u8 throws little 
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TrZZtthe Jiffracíed beains from these planes. The effects of possible 
arlables of experiment and measurement were minimized by superimposine 

fr?n™t£r^eTre X;ray 1Íne °n eaCh film- line us^s^hat 6 
of each PlH Platinum* ^e platinum was dusted on the face 
th* sPe^imen before exposure to the x-radiation. The distances on 
i™/11? Ï!tWi6fn th^ ^ line diffracted from the (200) plane of nlat 
inum and the lines from both_the (llO) and (lOl) planes of ?he marten- 

each film of^the^i0^ & dea8^tometer* measurements were made on 
each film of the distance between the densest portions of the lines The 

Zt aVe"aged* and the c/a ratio calculated from the a^rL 
internlaner The measured distances and the calculated 
interplaner spacings and c/a ratios are given in Table I. 

martensite0?!Z di8tance between the platinum line and the 
martensite (HO) line could not be read satisfactorily. In these cases 

the ^erlS^r+h5^/116, ^ Î0T th® (ll0) planes was taken as equal to ’ the a/erage of the d(no) for other films taken of the same sueciman 
This procedure is telieved Justified teceuse the dfnõ) Z ?^To 
?f^êvv.V9ry aB ierapering proceeded (Table I). This is in accord 

with the published finding1* that the arial length a to which d(„Õl H 

content oTÄf^ni: ^ ^1111 ^ ^ 

Results and Discussion 

tMm ,. results ere given in Table I, and plotted ir. Firure 1 I„ 

total posslble^ecrease íf'íhf“fretiô “'t“ Perc°ntft6e of tha 
c/a = 1 f«» io +V.« i iu w. ^ ri“t10* fr°m the untempered value to 

± ™of the ‘~ 

eiee th. Oombl,lotl0^8 of tempering temperature and tempering time that 

s aie8P^^°" 
gonalitv fon nwo d k t ^ e. ^ indicates that the loss of tetra- 

U vat ion í"uprcxi^ ifth^rr rlntl0n“hlP' WUh a h9at of aa- approximately 34,000 calories per gram-mol. That is, 

tetragonality = f(H), (1) 

where the parameter 

N = u-lM = ¢3-34,000/1.9861 . ¢.¢0-7340/1 (2, 

Here 

t ® tempering time 
T » tempering temperature in °K. 
q * heat of activation 
R = universal gas constant. 

- 3 - 



In Figure 3, the loss in tetragonality is plotted as a function of the 
parameter N. 

The rate of tempering at room temperature is of considerable 

practical interest. Figure 3 indicates that at a temperature of 20° C. 
the tetragonality will decrease 10# in about 5 months, 20# in about 5 
years, 30# in 20 years, and 50# in 100 years. 

To evaluate the amount of tempering that takes nlace during 
quenching, Equation 2 is put in the integral form, 

h = /• = rho-iwht. (3) 
'0 -o 

t being measured from the instant at which the martensite formed. It is 

also necessary to specify the relationship between temperature and time 

during the quench. A relation that is widely applicable is: 

T =: ^ + (T0 _ T^e-ct, (4) 

where 

T]_ = temperature of the quenching medium, 

T0 » steel temperature at t = 0, 
c = cooling coefficient, a constant. 

This exponential relationship is approached at low temperatures in almost 

all cases. Using Equations 3 and 4, Figure 4 has been derived, as indi¬ 
cated in Appendix D, for the case of a quenching medium at room temper¬ 
ature (20 C.;. This figure gives the tempering parameter N obtained by 

exponential cooling to essentially room temperature as a function of the 

temperature at which the martensite forms and of the cooling coefficient 

c. The cooling coefficient c for simple shapes is given by the following 
equations! & 

Plates: c = (HD)4a/D2 = 4aH/D, 

Cylinders? c = 2(HD)4a/E2 - 8aH/D, (5) 

Spheres: c = 3(HD)4a/D2 = 12aH/D. 

Here 

H s severity of quench, 

D = diameter or thickness, 
a = thermal diffusivity of the steel. 

More complicated shapes may be considered as composed of several simple 

shapes, and the c for the combination obtained by adding the c's for the 

component simple shapes. Thus, a short round of diameter d and length L 

can be considered a combination of a cylinder of diameter d and a plate 
of thickness L. The value of c for the round is then: 

- 4 - 
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Since the thermal diffusivity, a,of martensite is of the order 
of .01 inch^/second, Equations 5 may be roughly taken as: 

Plates: c - .04h/D, 
Cylinders: c = .OSH/D, 

Spheres: c » .12H/E, 
(6) 

for dimensions expressed in inches and times in seconds. The quenching 
severity H in the martensite temperature range may vary from the order 
of .01 inch for still air to the order of 10 inch“^ for agitated water. 

A few examples may prove useful. A steel sheet .04 inch thick 
quenched in violently agitated water with H — 10 inch-^ would have a cool¬ 
ing coefficient, c, according to Equation 6, of (.04)10/(.04) a 10 sec¬ 
onds--1, or a log c of 1. Martensite forming at 300° C. has, by the time 
it approaches room temperature, tempered to the extent that log c ♦ log II 
» -14, according to Figure 4. In the case mentioned, log II would then 
equal -I5. Figure 3 shows that, if the sheet were made of steel that 
tempers, initially, as fast as the steel studied experimentally, consid¬ 
erably more than 50$ of the tetragonality would be lost before' the mar¬ 
tensite formed at 3OO C. reached approximately room temperature. Mar¬ 
tensite formed at 200° C. has a log c + log II » -16.6. For the extremely 
rapid cooling^montioned, log N, therefore,Ccquals -I7.6, The martensite 
formed at 200 C. would lose 10-15$ of its tetragonality by the time it 
reached room temperature, 

.,. , As an example of extremely slow cooling, consider a 10 inch 
thick plate cooling in still air with H * ,01 inch-1. Here log c = -4 4 
Martensite formed at 100° C., uhere log c f log N » -20.6, would tempei ’ 
to log II = -lb.2, and so lose about 35$ of its tetragonality. 

An another examplè, the aih-cooled end of a standard Jominy end- 
quench hardenability specimen may be considered. The cooling coefficient 
in the martensite range can be estimated to be of the order of .01 sec- 
ond- » so log c * -2. Martensite formed at 200° C. would temper to log 

a -1 .0, and most, if not all, of the tetragonality would bo lost. 

Finally, in the experimental work described in this report, the 
portion of the specimen used for diffraction measurements was about l/g 
inch thick when quenched. The quenching severity in the martensite range 
might be of the order of 4 inch-1. The cooling coefficient was, there¬ 
fore, about 1.3 second-1 and log c about 0, The M0 terroernturc of the 
steel used nay be estimated as approximately 200° C. Martensite formed 
just below the Ms temperature would, therefore, lose about 25$ of its 
tetragonality by the time it reached room temperature. With an M of 
2°° 0., most of the martensite would form below I5O0 C. This martensite 
would lose less than 10$ of its tetragonality. Thus, while some temper- 
ing nad undoubtedly occurred in the nominally untompored specimens, most 
of the martensite had tempered only slightly. The resulting variation 



in tetragonality within the specimens accounts for at least som# of the 
observed broadness of the diffraction lines. 

The establishment of the heat of activation for the initial 
stage of tempering gives a little information concerning the rate of dif- 
fusion of carbon through ferrite, which has never been measured. Since 
the initial stage of tempering undoubtedly involves diffusion of carbon 
through martensite, it can readily be shown that the heat of activation 
for this stage of tempering must be more than the heat of activation for 
the diffusion. The heat of activation for the diffusion of carbon through 
isupersaturated) ferrite (martensite) i8. therefore, less than 34,000 cal- 
«tíwrtnr» g^mol,V accords with the deduction, from the lattice 
structures of ferrite and austonite, that the heat of activation for the 
diffusion of carbon in ferrite must be loss than the 36,000 calories eer 
gram-mol measured for the diffusion of carbon in austenite. 

The loos of tetragonality of the martensite may anpenr to be a 
somewhat arbitrary measure of tempering. However, it appears to be gen- 
eraily accepted that, as long as the martensite is tetragonal, the tetrnr- 
gonality - i; is approximately proportional to the carbon content of 
the martensite. 

. .3516 5flRtion between time and temperature for the initial sthge 
X omporing, discussed above, is based uuon experimental results on only 

one steel, and its generality has, therefore, not been established How- 
cver, censidoratien of the nature of the initial stage seems to indicate 
that the progress of the reaction, a.nd particularly the heat of activation, 
will probably not be greatly affected by changes in carbon content, and 
will probably be affected very little by changes in alloy content. 

mi 

' P'. E. H0LL0M0HV 
Coyfltain^ûrdïiÎnce Department 

[ef, Physical Metallurgy Section 

WV "/ 7/y 5~ 

iï.CA 
D. C. Bufi_ 
P.P.C., Ordnance Department 

_./J. H. Hoi.Iomon 
Captain, Ordnance Department 

L. D. Jaffe '' 
Metallurgist 
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TABLE I 

DATA AND RESULTS 

Temporing 
Film Time X* X^** 
No. in Min. in mm. in mm. ^-(110) ^-(101) 

T2 0 
T2-1 1 
T2-2 10 
T2-3 100 
T2-4 1000 
T2-5 10000 

T10 0 
tio-3 2.5 
T10-4 8.0 
tio-5 25.0 
TlO-6 80.0 
tio-7 250.0 
TIO-g 800.0 

Tig 0 
Tlg-1 .25 
Tig-2 .80 
T18-3 2.50 
T18-4 g.O 
Tig_5 25.0 
T18-6 80.0 
T18-7 250.0 

T16 
T16-I 
TI6-2 
T16-3 
T16-4 

0 
»25 
.80 

2.50 
8.00 

600 C. Tempering Temperatura 

4.297 
4.118 
4.114 
4.112 
4.127 

6.827 2.017 2.055 
6.577 2.015 2.051 
6.554 2.015 2.051 
6.4li 2.015 2.0% 
6.252 2.015 2.046 
5.826 *** 2.040 

C. Tempering Temperature 

4.227 

4.369 
4.291 
4.163 

6.748 

6.4o4 
6.171 
5.962 
5.372 

2.016 
*** 

2.017 
2.017 
2.015 

*** 
*** 

2.054 
2.047 
2.051 
2.049 
2.044 
2.042 
2.033 

109° C. Tempering Temperatur 

4.224 6.629 
4.292 6.544 
4.251 6.417 
M17 6.266 
4.680 6.380 

5.730 
5.483 
5.257 

2.016 2.052 
2.017 2.051 
2.016 2.049 
2.017 2.046 
2.022 2.048 

*** 2.O38 
*** 2.035 

2,031 

139° 0. Tempering Temperature 

4.143 6.696 
6.282 
5.916 
5.616 
5.332 

2.OI5 
*** 

*** 

*** 

*** 

2.053 
2.046 
2.041 
2.037 
2.033 

1.038 
I.O37 
I.O37 
I.O34 
I.O32 
1.026 

I.O39 
I.O32 
I.O34 
1,032 
I.O3O 
I.O27 
I.OI7 

I.O37 
I.O34 
I.O33 
I.O3O 
1.026 
1.022 
1.020 
I.OI5 

1.04o 
I.032 
I.O27 
1.022 
I.OI9 

$ Possible 
Decrease 

in ° 

0 

2.63 
10.53 
15-79 
31.58 

0 
17.94 
12.82 
17.94 

23.08 
30.77 
56.41 

0 
8.10 

10.81 
18.92 
29.73 
40.54 
45.95 
59.46 

0 
20.00 
32.50 
45.00 
52 ¿50 

* " ^stance between Platinum lino and"Martensite (lio) line.- 
***vT di®ta?Ce ^tween Platinum line and Martensite (lOl) line. 

Where Martensite (llO) line was unreadable a d(llO) value equal to the 
average^obtainabie value for previous readings vras used in calculating 



TABLE I ( CONT. j) 

Tempering 
Time ^ PoBsible 

Tl4 
T14-2 
ti4-3 
Ti4-4 

0 4-.093 6.596 
.8 — 5.45g 

2.5 — 5.X64 
g.o — 4.494 

2.014 
*** 

*** 
*** 

2.051 1.039 
2.034 1.020 
2.030 1.016 
2.026 1.012 

0 
48.72 
5S..97 
69.23 
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APPENDIX A 

METHOD OF CALCULATION 

From the measured distances on the film "between the platinum 
(POO) line and the martensite (llO) and (lOl) lines, the diffraction an¬ 

gles for the martensite lines are calculated "by the following equation, 
derived in Appendix B: 

em - 35.717 - .2836½. (Al) 

Here 

em » Bragg diffraction angle, in de¬ 

grees, for martensite lino, 

X a measured distance on film, in 
millimeters. 

From the diffraction angles, the spacing of the martensite lat¬ 
tice planes, d, was computed ast 

This equation is obtained directly from Bragg's Law. The wavelength 7\ 

was taken, for chromium Kal radiation, as 2285.0 Siegbahn units*. 

To obtain the c/a ratio, the d values were substituted in the 
equation. 

This equation is derived in Appendix C. di represents the spacing of the 

(llO) plane and d2 the spacing of the (lOlj plane. 

*Rie c/a ratio could have been determined directly from the diffrac- 

tion angles without calculating the lattice spacing, but it was con¬ 
venient to have the spacing values. 

- 1A - 



appendix b 

mATION BETWEEN P ILM MEASUREMENTS AND DI FTO ACTION ANGLE 

measured fy talf^rSteré^fs”3' 8 ^01,1 ^ 8 ‘“i»-“ a edrele is 
in Figure B1 is equal to íal? ÕÍ SgieTaS^h T" °f inCide“CB (el> 
(e2^ equal to half angle b. 6 the 3rags an6le of diffusion 

tion, Since the angle of incidence is equal to the angle of diffrac- 

2© = a + ^ h (Bl) 

Of the cireur “ ^ ^ *he ^1° U 8u>>^nds at the center 

a m 180 AB 
inr 
and 

b = 180 BC 
ir R 

Substituting for a and b in Equation (Bl), 

2 © = 90 ÁB + 90 BC 
1Î‘ B -u* B 

or 

© = Ji5 ^ ^ 
1TR (AB ^ BC) 

From Figure 3. AB + BC i8 found to equal S0 + Sq, therefore. 

(B2) 

e = 45 
ipR (s0 + Sl) 

Using the following symbols as indicated, 

(B3) 

= Bragg angle of incidence for platinum 

B I r ip 8I1fle °f ihdW-Once for martensite 
R = radius of camera (Figure Bl) 

% = ÍíñrSnf'0” 0ae:s,^ f11" t0 Flhtint«» line (200) in mm. (Figure Bl) 
* = distance on film frora martensite line 

to platinum line, in mm., 

and substituting in Equation (B3), 

- IB - 



ep - Jiä 
(s0 + Sp) 

and 

Jñ f 
1TR (S0 f Sp - X) 

Subtracting Equation (B5) from (BU), 

e. - em = i±ix 

(B4) 

(B5) 

(B6) 

the angle 8^0^^(200)^la^Tof^^r K°' 2 Camera ls 50-5 mm. aad 
is 35.717°. Substituting in Equ^tiSn^B^ Chr0r°ÍUm Kal radiation 

35.717 -em - - 45X 
158¾ 

or 

em a 35.717 - .28364X. (B7) 

- 2B - 



APPENDIX C 

RELATION DEPTOEN TSTRASONALITY AND INTERPLAI'ER SPÄHINGS 

Let 

dj = interplanar distance for the (lio) 
plane of martensite, 

dg = interplanar distance for the (lOl) 
plane of martensite. 

h,k,Jf <■ Miller Indices. 

Starting »ith the equation for a simple tetragonal latti( 

1- » hLt kg-fi! 
d^ q^2 c2 

Substituting (110) for (h,k,¿), 

1=2 
dj2 a2 

or 

a2 * 2d^2 

Substituting (101) for (h.kj), 

-L. = _i 4- _1 , 
d22 a2 c2 

Substituting 20.^ for a2 (Equation 02), 

_i_ - _1_ -f 1., 

d22 2dx2 c2 

(Cl) 

(¢2) 

Substituting a2 for 2di2f 

c2 , 2dx?dp2 

2dx2—d22 

c2 a a2d22 

2dx2-d22 

- =/ d2g 

a/v/2di2-d22 

(C3) 

(C4) 

(C5) 

- 1C - 



APPENDIX D 

EVALUATION OF TMPERIITG- PARAMETER N FOR EXPONENTIAL COOLIN& 

To repoat Equations (3) and (4) of the text, 

N = ^te**(l/HTdt ■^t10“^l40/Tdt (Dl) 

and 

T - ^ + (T0 - Ti) e-ct (D2) 

Differentiating (D2), 

dT - -c(T0-T^)e~ctdt (p^) 

dT = -c(T-Tj )dt (d4) 

Substituting for dt in Equation (Dl), 

N “ “ “ íTs 10-73^/11 dT, (D4) 
c .-'Ts T-T^ 

with the boundary condition N a 0 at T « T_. s 

Then, 
/• Tg 

cN = / IO-7540/? dT. (DK) 
'/T2 T-T^ 

Taking the temperature of the medium, 

Tx s 20° C. = 293° K. 

and integrating down to, 

?2 = 30° C. = 3030 K., 

cN * / S 10-7340/t 

- 303 T-293 

The ratio, 

(L6) 

10-7340/t 

T-293 

- ID - 



was then computed for various values of T as indicated in Table DI, and 

plotted as a function of T. By counting boxes, the area under the curve 
from 30° C. - 3030 K. to Ts values of 100, I50, 200, 250, and 3OO0 C., 

was determined*. This area represents cN. The results are given in 
Table Dll and plotted in Figure 4, 

♦Because the magnitude of the ratio varies so greatly, a separate 
plot with an appropriate scale had to be used for each of the T 
values. 8 



TABLE DI 

GRAPHICAL INTEGRATION EOR PARAMETER II OF EXPOrTEHTIAL COOLING 

30 
5° 
65 
SO 
90 
95 

100 
115 
130 

145 
150 
160 
170 
180 
190 
195 
200 
215 
23O 
240 
245 
25O 
27O 
280 
29O 
3OO 
350 
4oo 
450 
500 
550 

°K. 73I10/T 10-7340/1 T_m iq-7340/t 
__ T-293 

£ 

3O3 
323 
338 
353 
363 
36g 
373 

88 
3 

4!3 
418 
423 
^33 
443 
453 
463 
468 

^73 
488 
503 
513 
51s 
523 
543 
553 
563 
573 
623 
673 
723. 
773 
823 

24.22 
22.72 
2I.72 
20.79 
20.22 
19.95 
19.68 
18.92 
18.21 
17.77 
17.56 
I7.35 
16.95 
16.57 
16.20 

15.52 
15.04 
l4.6o 
14.31 
14.17 
14.03 
13.52 
13.27 
13.04 
12.81 
11.76 
IO.91 
IO.I5 
9.^95 
8.919 

6.03x10-25 
1.90x10-23 
1,90x10-22 
1.62xlO“21 
6.03x10~¿1 
1.12x10-20 
2.09x10"20 
l.ROxlO“1? 
6.17x10-19 
i.70xio“'iB 
2.75x10-13 
4.47x10-13 
1.12x10-17 
2.69x10-17 
6.31x10-17 
1.41x10“16 
2.09x10-16 
3.02x10-16 
9.12x10-16 
2.51x10-15 
4.9OXIO-I5 
6.76x10-15 
9.33x10-15 
3.O2XIO-I4 
5.37x10-14 
9.12XIO-I4 
1,55x10-13 
1.66x10-12 
1.23x10-11 
7.08x10-11 
3.20x10-1° 
1.20x10-9 

10 

60 
70 
75 
80 
95 

110 
120 
125 
130 
l4o 
150 
160 
170 
175 
ISO 
195 
210 
220 
225 
23O 
25O 
260 
270 
280 
330 
380 
430 
480 
53O 

6.03x10-26 
6.33x10-25 
4.22x10-24 
2.70xl0“23 
g.blxl0-23 
1.49x10-22 
2.61x10-22 
1.26x10-21 
5.61x10-21 
1.42x10-2° 
2.20x10-2° 
3.44x10-20 
8.00x10-20 
1.79x10-19 
4.21x10-19 
8.29x10-19 
1.19x10-!8 
1.68x10-!8 
4.68x10-18 
1.20x10-17 
2.23x10-17 
3.00x10-17 
4.06xl0-lJ 
1.21x10-16 
2.07x10-16 
3.38x10-16 
5.54x10-16 
5.03x10-15 
3.23x10-14 
1,65x10-13 
6.67x10-13 
2.27x10-12 



TABLE DU 

RESULTS 01 INTEGRATION 

0C‘   cN logiocN 

100 2.3IXIO-21 -20.64 

3.75xio-19 -3.8.43 

200 2.34x10-17 -1.6,63 

250 6.4SxlO-16 -15.19 

300 1.03X10“14 -3.3.99 
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FIGURE 4 

TEMPERING PARAMETER N FO R EXPONENTIAL COOLING AS 

FUNCTION OF TEMPERATURE OF MARTENSITE FORMATION & 

OFCOOLING COEFFICIENT c 
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FIGURE BI 

CAMERA GEOMETRY 


